Abstract. Much of the protein in the diets of European livestock is sourced from imported 9 soybeans produced in the Americas. This protein deficit in livestock production presents a 10 risk to social, economic and environmental progress in Europe. In this study the impact of 11 incorporating novel ingredients into future chicken diet formulations to serve as European 12 sourced alternatives to imported soybeans was investigated. The novel ingredients 13 considered were: microalgae, macroalgae, duckweed, yeast protein concentrate, bacterial 14 protein meal, leaf protein concentrate and insects. Using horizon scanning and a modelling 15 approach, the nutritional requirements of two potential meat-producing chicken lines were 16 simulated. The two chicken lines were a fast-growing line based on the apparent maximum 17 feed efficiency that could be achieved through further artificial selection, and a reduced 18 growth rate for high welfare line. Diets were formulated to include the novel ingredients, 19 whilst meeting the nutritional requirements of the birds. The effects of diet composition on 20 indicators of environmental burdens, associated with feed production for the poultry industry, 21
Introduction 33
Europe's reliance on imported protein, particularly soybeans, to feed livestock is inconsistent The poultry industry (meat-producing chickens, egg laying hens, turkeys etc.) collectively 37 consumes the most soybeans of any livestock sector in Europe (van Gelder et al., 2008) . 38
This protein requirement is set to increase further as the demand for chicken meat, inparticular, continues to grow (Alexandratos and Bruinsma, 2012; FAO, 2016) . In addition, the 40 inclusion of valuable conventional protein sources of animal origin in livestock feed are either 41 limited (e.g. fishmeal) or banned (e.g. meat and bone meal) in the EU (Brookes, 2001 ; 42 European Commission, 2001), whilst growing soybeans in Europe is non-competitive with 43 imports due to relatively low yields and a long growing season (van Krimpen et al., 2013) . 44
Thus, the poultry industry is presented with the challenge of providing an adequate and more 45 sustainable supply of protein to feed meat-producing chickens in Europe. 46
In seeking a long-term solution to this protein deficit, the following second or third generation 47
Figure 1: The structure and main components of the chicken meat production systems as 142 considered by the Life Cycle Assessment (LCA) model in this study; the inputs that were 143 considered (solid line arrows), the inputs that were not considered (dotted line arrows) and 144 the system boundary (dashed line) are clearly illustrated. 145
Future bird nutritional requirements. 146
The nutritional specifications were based on two breeding scenarios that were presented in 147 Tallentire et al. (2018) via horizon scanning which result in: 1) a fast-growing line based on 148 the apparent maximum feed efficiency that could be achieved through further artificial 149 selection and 2) a reduced growth rate for high welfare line (Table 1) . For the two scenarios, 150 total energy requirement was quantified based on predictions of the biological limits of 151 digestive efficiency, protein and lipid growth and the metabolic rate of heat production 152 (Tallentire et al., 2018) . The difference in the traits between these future meat-producing 153 lines and current commercial meat-producing chickens is low (Aviagen, 2014a (Aviagen, , 2016 ; 154
Fancher, 2014), thus it is reasonable to expect these lines will be achieved before the novel 155 technologies outlined in this study come into wide scale operation. Since there is no 156 evidence that the efficiency of protein utilization has changed as a result of selective 157 breeding, the protein requirements of the meat-producing chicken lines were calculated 158 based on the current baselines for feed intake, feed protein content and body composition 159 (Aviagen, 2014b (Aviagen, , 2016 . In this way the protein utilization efficiency equates to the protein 160 retained in the body (kg) divided by the protein intake (kg) of one bird. The requirements of 161 the future lines could therefore be calculated as follows: first the change in energy 162 requirement, and therefore the feed intake, was calculated whilst keeping the feed energy 163 content unchanged from current requirements. Then, the nutrient requirements of the newbirds were estimated based on the changes in feed intake and in bird requirements, (the 165 change of nutrient requirement was assumed to be proportional to the change of protein 166 requirement). The new diets could then be constructed to meet these requirements 167 Diets were formulated for three growth phases for the fast-growing line (i.e. the starter, 173 grower and finisher phases). For the slow-growing line, the grower and finisher phases were 174 each split into two to account for the extended lifespan and slower growth rate of the birds; 175 hence the diets of the slow-growing line were formulated for five growth phases (Appendix 176 B). Since the fast-growing line was selected for increased growth rate, it follows that an 177 increased proportion of its life would be spent in the starter phase (days 0 -10) and a 178 reduced period of time in the finisher phase. Hence, the bird required a substantially 179 increased protein intake in the starter phase (266.6 g kg -1
), in order to achieve this higher 180 growth rate, than the slow-growing bird (225.0 g kg -1
). Therefore, the average energy and 181 crude protein content requirement of the feed for the fast-growing birds was 13.1 MJ kg -1 182 and 205.4 g kg -1 respectively. The average energy and crude protein content requirement of 183 the feed for the slow-growing birds was 13.3 MJ kg -1 and 187.7 g kg -1 respectively. 184
Diet formulation rules. 185
The novel ingredients were selected based on five criteria: 1) The ingredient could 186 potentially serve as an alternative to imported soybeans in livestock diets. 2) The 187 incorporation of the ingredient into chicken diets was not common practice already. 3) The 188 maximum inclusion limit of the novel ingredient, its digestible amino acid profile and 189 metabolizable energy content were available in the literature. 4) Production in Europe is a 190 realistic option for the future. 5) Enough data was available to compile an inventory of 191 relevant energy and material inputs and environmental releases related to the novel 192 ingredient. Seven novel ingredients were identified for inclusion within the scope of this 193 study: microalgae, macroalgae, duckweed, YPC, BPM, LPC and insect meal. For each ofthese ingredients a production inventory (Appendix A, Fig. A.1 For each meat-producing chicken line a "Conventional diet" was formulated; both these diets 197 were formulated for least cost, using only ingredients currently used in the UK as a case 198 study for western European systems (Tallentire et al., 2017) ; both diets included soymeal. 199
For each line, a further 11 "alternative diets" were formulated. 7 of these alternative diets 200 each incorporated one novel ingredient fixed at its potential maximum inclusion rate; these 201 alternative diets were formulated to match the nutritional requirements of the birds using 202 linear programming for least cost. The prices of the conventional ingredients were obtained 203 from commodity price indexes for animal feeds (Defra, 2016; Tallentire et al., 2017) . Since 204 their inclusion values were fixed in these diets, the prices of the novel ingredients were not 205 relevant to the diet formulation procedure. Each of the remaining 4 diets for each line was 206 formulated to reduce a specific environmental burden (section 2.5). When formulating these 207 diets any of the 7 novel ingredients, as well as any of the conventional ingredients, were able 208 to be incorporated within their corresponding inclusion limits in order to optimise the diet to 209 minimise a specific environmental burden. Therefore 12 diets were formulated for each line 210 and 24 diets were formulated in this study in total. 211
Inclusion limits of conventional ingredients were based on input data from literature, national 212 inventory reports, databases and expert advice (Tallentire et al., 2017) . The maximum 213 inclusion of each novel ingredient in the grower-finisher phases was determined from 214 assessing literature, in which the effects of inclusion rates on bird performance were 215 measured (Appendix B, Table B .2); the maximum inclusion in the starter phases was 50% of 216 this value as a conservative estimate (Leinonen et al., 2013 soymeal completely in the grower-finisher phases at a maximum inclusion level of 40% 226 (Ameenuddin et al., 1983) . Insect meal had a maximum inclusion of 30% (Bovera et al., 227 2016) ; although beneficial to the immune system, chitin can limit digestibility beyond this 228 inclusion level. It should be kept in mind that insect meal would not be allowed to be 229 incorporated into poultry diets under current EU law, however the regulation has recentlybeen relaxed so that insects can be utilised in aquaculture systems (European Commission, 231 2017; Józefiak and Engberg, 2015) and its incorporation into other livestock feeds continues 232 to be championed in scientific literature (Marberg et al., 2017) . 233
2.5.
Environmental burden assessment. 234
The Simapro software was used to conduct LCA calculations. Due to the novelty of some of 235 the ingredient production processes assessed for the purpose of this study, the differences 236 in the potential environmental burdens of each diet were limited to the most relevant feed-237 related environmental indicators, as in Tallentire et al. (2018) . As such, the environmental 238 parameters used to compare the environmental impact potential of each potential diet 239 formulation was represented by the greenhouse gas (GHG) emissions, the agricultural land 240 use (ALU) and the total nitrogen (N) and phosphorus (P) that would be excreted. 241
Over 70% of the GHG associated with chicken meat production can be attributed to feed 242 provision (Leinonen et al., 2012) . In this study the GHG was measured in CO2 equivalent 243 (CO2 eq.) with a 100-year timescale in accordance with the IPCC (2006) emissions factors. 244
The ALU was calculated based on the total land occupation and the total area of land which 245 was transformed for the functional unit (Guinée et al., 2002) . Calculation of the GHG 246 emissions and ALU followed the ReCiPe methodology (Goedkoop et al., 2008) . Notably, 247 soybeans and soymeal carry a high GHG footprint due to associated deforestation; the CO2 248 eq. released due to land transformation, such as for soybean production, was included 249 according to the PAS2050:2012-1 methodology (BSI, 2012) . 250
Whilst the GHG and ALU burdens were restricted to the direct result of feed provision, the 251 quantities of the environmentally important nutrients (N and P) were calculated based on 252 what ends up in bird excreta. To calculate these, a mass balance principle was applied; the 253 nutrients retained in the animals' body were subtracted from the total N and P supplied by 254 their diet, where the total nitrogen content of the protein in the body was assumed to be 255 16%. These nutrients are associated with acidification and localised eutrophication, whilst N 256 is responsible for the ammonia emissions at housing, manure storage and field spreading. 257
On the other hand, these nutrients can be used in the place of synthetic fertilizers, this is 258 especially important in organic farming where manure is a major source of nutrients 259 (Leinonen et al., 2012) . 260
Analysis 261
In total 24 diets were formulated, with 12 for each future meat-producing chicken line. The 
Sensitivity 275
Since this model contained only linear relationships, a local sensitivity analysis was suitable 276 for identifying the inputs to which the environmental burdens were most sensitive (Tallentire 277 et al., 2017) . This was carried out on the assumptions of the model in three important areas 278 in recognition of both their importance to the results of this study and the unavoidable 279 uncertainty in the assumptions made. These were: 1) the efficiency of the manufacturing 280 process for the novel ingredients; 2) the coproduct allocation methodology used to calculate 281 the environmental burdens of producing these novel ingredients; and 3) the maximum levels 282 to which these ingredients could be included in poultry diets without negatively affecting bird 283
performance. 284
To test the sensitivity of process efficiency in producing the novel ingredients, the yield of 285 each novel ingredient was depressed and increased. Whilst upscaling these system 286 processes is likely to increase the efficiency of their production in the future, this is not a 287 certainty and other considerations (e.g. quality control) can change the incentives which 288 drive process changes. For some novel ingredients there was large variation in the process 289 yields since they are in their development phase; we expect the coefficients of variation in 290 the yields to range from 15% for insect meal to 50% for the more variable LPC produced 291 from alfalfa (Lamb et al., 2003 ) (Appendix C, Table C.1). The coefficients of variation for the 292 other novel ingredients were estimated to be 33% for microalgae and for duckweed, and 293 20% for macroalgae and YPC (Feedipedia, 2017 ; Philippsen et al., 2014; Wen, 2014); we 294 did not find yield data to determine the coefficient of variation of BPM production therefore it 295 was presumed to be at the top of the range (50%). 296
Where system separation was not possible in our model, coproduct allocation within the 297 supply chain was conducted using economic allocation (Mackenzie et al., 2016b) using 298 commodity prices available on e-commerce sites and recent alternative fuel price data 299 (European Biomass Association, 2017) (Appendix A, Tables A.1, A.2, A.4 and A.6). A 300 sensitivity analysis of this economic allocation strategy was carried out whereby the value of 301 the novel ingredients produced with coproducts was altered so that their value was equitable 302 with soymeal per kg of lysine. This methodology was chosen to represent a scenario where 303 the novel ingredients would be produced and utilised on a scale that makes them 304 competitors of soymeal as a protein source in the animal feed market. Such a scenario 305 would likely drive price increases for these products and thus alter calculations made when 306 using economic allocation. 
Results 314

Environmental burdens of diets 315
Of all the novel ingredients included in the study, insect meal had the highest GHG 316 emissions associated with its production; this was caused by the requirement for a suitable 317 ambient temperature for insect growth and development (47%), insect feed provision (13%) 318 and other energy inputs to the rearing and processing of the mealworms into insect meal. 319
Micro-and macroalgae had the second and third highest GHG emissions respectively (Table  320 2), due to considerable process energy input requirements e.g. drying. LPC was the novel 321 ingredient with lowest GHG emissions, although it also had the greatest ALU due to the 322 cultivation of alfalfa from which it is sourced, followed by YPC and insect meal. The ALU of 323 the YPC could be almost entirely attributed to the cultivation of wheat, whilst 94% of the ALU 324 of the insect meal was attributed to insect feed procurement. Unsurprisingly, the aquatic 325 novel ingredients (i.e. microalgae, macroalgae and duckweed) had the lowest ALU. The 326 GHG and ALU burdens of the conventional ingredients considered in this study are 327 presented in Appendix A (Table A.8). The novel ingredients with the highest crude protein 328 content and crude protein to amino acid ratio, e.g. YPC, resulted in the highest N in the 329 excreta. Similarly, ingredients which had the highest total P content and had the lowest 330 available P to total P ratio, resulted in the highest P in the excreta. Macroalgae was the 331 novel ingredient with lowest total P content, whilst insect meal had the highest available P to 332 total P ratio. 333 The environmental burdens of producing the total feed required by a chicken, of a fast-338 growing line and raised to a live weight of 2.2kg on a conventional diet formulation, were shown between diet formulations was similar for both meat-producing chicken lines that 346 were considered (Fig. 2 and 3) . Slow-growing birds have a lower protein requirement for 347 protein per kg of feed than birds of the fast-growing line (Appendix B, Table B .3 and B.4), 348 hence the slow-growing birds' diets consistently contained less soybeans and soybean 349 derivatives (where incorporated) to meet the bird growth requirements. Thus, per kg of feed, 350 diets formulated for slower growers had a lower GHG and ALU, than the diets formulated 351 with the same objectives for the fast-growing line. Despite this, rearing a slow-growing bird 352 resulted in an increase of every environmental burden considered in this study compared to 353 rearing a fast-growing bird to the same live weight, for every diet formulation (Fig. 2) . This 354 was due to the increase in the total feed required by the slow-growing line to reach slaughter 355 weight (4.39 kg) compared to the fast-growing line (3.49 kg) (Tallentire et al., 2018) . 356
For every alternative diet formulated with a fixed inclusion of one novel ingredient, at least 357 two burdens were reduced compared to the Conventional diets (Fig. 2) . With the exception 358 of the Insect meal diets, the total P in the excreta was the environmental burden that was 359 least affected in each diet with a fixed inclusion of one novel ingredient, when compared to 360 the Conventional diets. The Insect meal diets were also the only diets to reduce threeburdens compared to the Conventional diets. With the exception of the Macroalgae diet, the 362 total N excretion was the environmental burden most affected in each diet with a fixed 363 inclusion of one novel ingredient, compared to the Conventional diets. The total N excretion 364 was increased in every diet with a fixed inclusion of one novel ingredient compared to the 365 conventional diets, but the increase was greater in the fast-growing line (Fig. 2a) than in the 366 slow-growing line (Fig. 2b) . ALU was the only environmental burden to be reduced in every 367 diet with a fixed inclusion of one novel ingredient, compared to the Conventional diet. The lowest value for each environmental burden was axiomatically achieved by the 377 alternative diet formulated to reduce that burden specifically (Appendix B, Table B .5 and 378 B.6). For instance, in the Least GHG and Least ALU diets this was achieved by reducing the 379 inclusion of soybeans and soybean derivatives to zero; this protein was replaced by 380 incorporating the novel ingredients. The Least ALU diet was the only formulation that 381 resulted in the increase in three burdens compared to the Conventional diets (Fig 2) . With 382 the exception of the Least N excretion diets, the total N in the excreta was the environmental 383 burden most affected by minimising a specific environmental burden, compared to the 384 Conventional diets. Only the Least N excretion diets reduced the N excretion compared the 385 Conventional diets; this was also the only formulation that included soybean derived 386 ingredients at a higher level than in the Conventional diets. Again, ALU was the only 387 For both meat-producing chicken lines, each alternative diet formulation generated similar 398 percentage changes for every environmental burden compared to the corresponding 399
Conventional diet (Fig. 2 and 3) . When compared to the Conventional diet formulated for the 400 fast-growing line, some environmental burdens of the alternative diets formulated for slow-401 growers were similar or reduced. For instance, the Least GHG diet formulated for the slow-402 growing line reduced the GHG and the ALU by 55% and 32% respectively and increased the 403 N and P in the excreta by 99% and 29% respectively, when compared to the Conventional 404 diet formulated for and fed to the fast-growing line. In another example, the Insect meal diet 405 formulated for the slow-growing line reduced the GHG and the ALU and P in the excreta by 406 3.1%, 37% and 17% respectively, and increased the N in the excreta by 108%, when 407 compared to the Conventional diet formulated for and fed to the fast-growing line. 408
The outputs of the uncertainty analysis are provided in full in the Appendix C (Table C. 
2). 409
The uncertainty analysis showed only two cases of uncertainty in the results when 410 comparing the environmental burdens of the alternative diets to the Conventional diet (i.e. 411 the alternative diets had a greater or lower value than the Conventional diet for any one 412 environmental burden in <95% of the parallel simulations). These were the Insect meal diet 413 and the Least ALU diet, the commonality between these diets was that both incorporated 414 insect meal. For all results the alternative diets had a consistently greater or consistently 415 lower impact than the Conventional diet in >90% of the parallel simulations. 416
Sensitivity analysis 417
The model was sensitive (i.e. change in at least one burden was ≥±5% the mean in at least 418 one diet) to the coefficient of variation in the yield of microalgae, BPM, LPC and insect meal 419 (Appendix C, Table C.3). The N and P excretion was only affected where the change in 420 production yield led to an alternative diet formulation, e.g. when the LPC was reduced in the 421
Least GHG diet. The N and P excretion was however not sensitive to the variation in the 422 production yield (change <±5% the mean). 423
The GHG and ALU burdens of microalgae, macroalgae and LPC were sensitive to changing 424 the economic allocation data that was applied to the base model (Appendix C, Table C.4), 425
hence the diets which incorporated these ingredients showed high sensitivity to this 426 assumption, namely the Microalgae, Macroalgae, LPC, Least GHG, Least ALU and Least P 427 excretion diets. The fast-growing line's Least ALU diet was the only diet where the 428 formulation was altered and the changes were small: the inclusion of wheat, monocalcium 429 phosphate, duckweed and LPC were all reduced whilst YPC was increased by 0.99% of the 430 total feed. 431
Finally, changing the maximum inclusion of each novel ingredient axiomatically affected the 432 diet formulation of the Microalgae, Macroalgae, Duckweed, YPC, BPM, LPC and Insect meal 433 diets. Lowering the maximum inclusion of some of the novel ingredients also affected the 434 formulations of the diets that minimised GHG, ALU and P excretion (Appendix C, Table C.5), 435 however not the Least N excretion diets, since no novel ingredients were incorporated into 436 these diets. 437
Discussion 438
Europe faces increased pressure for feed protein supplies from a global population which is 439 growing annually in size and appetite for animal products, especially in developing nations 440 (van Krimpen et al., 2013). Low self-sufficiency of protein supply for the increasing 441 production of chicken meat exposes Europe to food security risks, which may be related to 442 market factors such as trade distortions, global price volatility and ingredient scarcity. The Microalgae, YPC, BPM, LPC and Insect meal diets all had lower associated GHG 456 emissions than the Conventional diets, whilst incorporating macroalgae and duckweed into 457 the diets resulted in greater GHG emissions than the Conventional diets. Macroalgae and 458 duckweed have low energy contents relative to conventional protein and energy sources 459 (e.g. soymeal and wheat respectively), hence the energy deficit caused by the incorporation 460 of these ingredients was largely counteracted by the increased incorporation of oil and maize 461 gluten meal which increased the GHG burden of the diets. Insect meal replaced the most 462 soybeans and soybean derivatives. This is due, in part, to its high maximum inclusion limit, 463 but also due to its high energy content relative to (for example) BPM, which was the next 464 best novel ingredient at replacing the need for soybeans and soybean derivatives. The 465
Insect meal diet, therefore, had the lowest oil inclusion of all the alternative diets. Despite 466 this, the BPM diet had a lower GHG burden due to BPM having the lowest associated GHG 467 emission of all the novel ingredients included in this study. 468
Since the arable land in developed countries has declined in recent decades and this trend 469 is expected to continue into the future, reducing the ALU burden of European livestock 470 production is important in maximising the global carrying capacity (Alexandratos and 471 Bruinsma, 2012). Every diet that included novel ingredients formulated in this study had an 472 overall lower ALU burden than the Conventional diet corresponding to the requirements of 473 each meat-producing chicken line. This is because the cultivation of the novel ingredients 474 was intrinsically associated with low arable land requirements, especially the aquatic novel 475 ingredients and BPM. LPC, YPC and insect meal all had a higher ALU burden due to the 476 requirement of arable land to produce the feedstock used in these system processes, but all 477 these novel ingredients had a lower ALU burden than soybeans and their derivatives. 478
In order to meet bird nutritional requirements whilst minimising a specific objective, some of 479 the diets formulated using this model incorporated conventional ingredients that were not 480 present in the Conventional diet formulation (Appendix B, Table B (Fig. 3) ; this is because of the high inclusion of novel ingredients which resulted in the 500 oversupply of important nutrients in the diets. Formulating diets to reduce certain 501 environmental burdens within specified economic and environmental constraints has been 502 shown in previous studies (Castrodeza et This methodology could therefore allow nutritionists to integrate environmental objectives 506 into system specific diet formulation. For instance, to reduce the GHG and ALU burdens of 507 systems where manure can be managed sustainably, or to limit the excretion of N in nitrate 508 vulnerable zones. In some cases the novel ingredients themselves show huge potential for 509 mitigating the negative impacts of these future chicken diets, such as by integrating 510 duckweed ponds at the end of the livestock systems as a manure management option, thus 511 contributing towards a circular economy (Cheng et al., 2002; Krishna and Polprasert, 2008 ; 512
Xu and Shen, 2011). This gives nutritionists and livestock producers the option to integrate 513 environmental objectives into diet formulation, facilitating bespoke feeding strategies and 514 management choices specific to individual systems.slower-growing line than they were for the fast-growing line, in some cases the incorporation 517 of novel ingredients led to the slow-growing line having at least some environmental burdens 518 that were lower than those of the fast-growing line fed on a Conventional diet formulation. 519
Incorporating microalgae, BPM, LPC and insect meal all reduced at least two environmental 520 burdens of the slow-growing birds, compared to fast-growers reared on the Conventional 521 diet. This shows that the environmental burdens of feed associated with transitioning 522 towards a slow-growing, high welfare chicken production system can be partially mitigated 523 through carefully considered nutritional and manure management. 524
The sensitivity analysis revealed that the GHG and ALU were sensitive to the coefficient of 525 variation in the yield of microalgae, BPM, LPC and insect meal. Further research into the 526 production efficiency of these ingredients would strengthen the model. Sensitivity was shown 527 to variation in the economic allocation input data, however only one diet formulation was 528 changed by altering the economic value of the coproducts; this revealed that our allocation 529 method was sufficiently robust to allow the tool to generate diet formulations for specific 530 sustainability objectives. At least one environmental burden was sensitive to reducing the 531 maximum inclusion level of macroalgae, duckweed, LPC and insect meal in most diets 532 where incorporation of these ingredients were fixed at that inclusion level. In addition, 533 reducing the maximum inclusion level of microalgae, macroalgae, BPM, LPC and insect 534 meal all affected the formulation of at least one diet designed to reduce an environmental 535 burden. This demonstrates the importance of, where possible, not constraining the diet 536 formulation process with overly conservative maximum inclusion limits, as to maximise the 537 potential sustainability of the industry (Mackenzie et al., 2016a) . 538
Whilst the use of imported soybeans in European livestock feed is unsustainable, thus far 539 only a few studies have addressed the implications of using alternative proteins for system 540 level environmental impacts (e.g. . This is the first study to investigate the potential of several novel ingredients 542 simultaneously to reduce the total required soybeans in future chicken diets, by combining 543 linear programming feed formulation and a LCA methodology with horizon scanning. By 544 applying this to two potential future meat-producing chicken lines, it enables nutritionists, 545 livestock producers, breeders and policy makers to integrate environmental objectives into 546 future feeding and breeding strategies. Comparing the environmental implications of each 547 novel ingredient in this way is an important step when considering which novel technologies 548 could produce the most sustainable outcomes.
Conclusion 550
We have presented a holistic diet formulation methodology which accounts for both 551 environmental burdens and future livestock requirements. Novel ingredients were 552 incorporated into these diets, which display enormous potential for use as alternatives to 553 soybeans in meat-producing chicken diets in the future. However, the technologies being 554 developed to produce these novel ingredients are still in their infancy; much work is required 555 to viably upscale these system processes so that production is efficient and competitive with 556 imported soybeans. Additional research is still required in the characterization of these 557 ingredients and their effects on specific livestock before they can become viable feed 558 alternatives. In some cases, their incorporation into the diets face technical challenges and 559 legislative barriers e.g. the inclusion of insects in EU poultry diets. Nevertheless, we have 560
shown that increased environmental burdens associated with increasing animal welfare may 561 be mitigated through carefully integrated nutrition and manure management systems. Most 562 importantly in terms of Europe's future food security, we have shown how imported 563 soybeans can be replaced in chicken diets. Such work is crucial in efforts to improve the 564 sustainability of livestock systems moving forward. 565
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